DNA sequences from the nuclear LSU and ITS regions were used for phylogenetic analyses of Thelephorales with a focus on the stipitate hydnoid genera Hydnellum and Sarcodon. Analyses showed that Hydnellum and Sarcodon are distinct genera but that the current division, based on basidioma texture, makes Sarcodon paraphyletic with respect to Hydnellum. In order to make genera monophyletic several species are moved from Sarcodon to Hydnellum and the following new combinations are made: Hydnellum amygdaliolens, H. fennicum, H. fuligineoviolaceum, H. fuscoindicum, H. glaucopus, H. joeides, H. lepidum, H. lundellii, H. martioflavum, H. scabrosum, H. underwoodii, and H. versipelle. Basidiospore size seems to separate the genera in most cases. Hydnellum species have basidiospore lengths in the range 4.45−6.95 µm while the corresponding range for Sarcodon is 7.4−9 µm. S. quercinofibulatus deviates from this pattern with an average spore length around 6 µm. Neotropical Sarcodon species represent a separate evolutionary lineage. 
Introduction
The order Thelephorales is a distinctive lineage of Agaricomycetes, well-known for its almost ubiquitous ectomycorrhizal life style (Tedersoo et al. 2010) . Several species have stipitate hydnoid basidiomata (Fig. 1) . They have traditionally been divided into four genera, Phellodon and Bankera with hyaline basidiospores, and Hydnellum and Sarcodon with yellow to brown tinted basidiospores (Maas Geesteranus 1975) . In both cases the genera within each pair differ in basidioma structure, with Phellodon and Hydnellum being hard and dry, and Bankera and Sarcodon forming softer, fleshier basidiomata. This difference in texture is, however, difficult to assess and a series of recent molecular phylogenetic analyses, as outlined below, have indicated that the traditional, morphology-based generic limits are equivocal.
In a recent comprehensive study of stipitate hydnoid species from south-eastern North America, Baird et al. (2013) found that Bankera could not be separated from Phellodon and the genera were hence combined into a more comprehensive Phellodon. The same study suggested that the generic limits of Sarcodon and Hydnellum need reassessment. Nitare and Högberg (2012) examined the Nordic species of Sarcodon and included a preliminary molecular phylogeny for the species accepted in Sarcodon. Hydnellum species were also included in non-published test runs and found to be nested among Sarcodon species. They concluded that revisions of limits of both genera were probably necessary. Miscevic (2013) expanded on the results in Nitare and Högberg (2012) by including more sequences for each species and by including a selection of Hydnellum species in published phylogenies. The results were in congruence with Baird et al. (2013) with regard to overall tree topology and again the conclusion was that the limits of Sarcodon and Hydnellum need further study. A recent phylogenetic overview of Thelephorales (Vizzini et al. 2016 ) and a study of Hydnellum from the Mediterranean region (Loizides et al. 2016) came to similar conclusions, although Vizzini et al. (2016) did not include sequences from several Neotropical Sarcodon species described by Grupe et al. (2015 Grupe et al. ( , 2016 .
In this paper we analyse ITS and nuclear LSU sequences from a wide selection of Thelephorales species with a focus on Hydnellum and Sarcodon in order to resolve the relationship between these two genera. We also make some nomenclatural changes that follow from the revision of genus circumscriptions. We demonstrate that Neotropical Sarcodon species do not cluster with temperate and boreal species and may be warranted as one or more new genera with more data.
Methods
For the phylogenetic analyses we compiled two datasets. The first dataset consists of nuclear LSU sequences from most genera in Thelephorales and from a majority of the Hydnellum and Sarcodon species occurring in Europe. For our two target genera we chose only sequences generated for this study from recently collected basidiomata.
We deliberately excluded sequences from specimens identified as H. concrescens or H. scrobiculatum since these names seem to cover more than just two species and it is currently unclear how the names should be applied (Ainsworth et al. 2010) . Since this study is positioned as a revision of the genus limits we were more interested in sequence quality control than a complete coverage of all species reported from Europe.
For our second dataset we chose a different strategy. Here we included ITS sequences from all Hydnellum and Sarcodon species represented among our own sequences and in GenBank as of December 1, 2018. The reason is that many species, and especially the recently described species from tropical regions, are only available as ITS sequences. However, we made no attempt to verify the identifications given in GenBank and do not endorse them as correct.
DNA was extracted from recent dried collections of basidiomata from North Europe. Voucher numbers, herbarium location, and GenBank numbers are given in Table  1 . DNA extraction and PCR protocols follow Larsson et al (2018) . Sequencing was either done in-house at University of Oslo, or as a commercial service by Macrogen Inc., South Korea. Assembly of chromatograms was done with Sequencher 5.2.4 (Gene Codes Co., Ann Arbor). Aligning was performed either manually using the editor in PAUP* 4.0a (Swofford 2002) or the software ALIVIEW 1.18 (Larsson 2014) , or automatically utilising the L-INS-i strategy as implemented in MAFFT v. 7.017 (Katoh and Standley 2013) , followed by manual adjustment. In the phylogenetic analyses we assumed the following minimal partitions for the nrDNA region: ITS1, 5.8S, ITS2 and LSU (approximately 1200 bases of the 5' end). Two datasets were analysed separately: an LSU dataset only including the LSU region, and an ITS dataset including ITS1, 5.8S and ITS2. We used the automated best-fit tests implemented in PAUP* 4.0a (Swofford 2002 ) to select optimal substitution models for each complete, non-partitioned dataset (PHYML) and optimal substitution model partitions for each minimal partition (BEAST). Models and partitions were chosen based on BIC score for the BEAST analysis and AICc score for the PHYML analysis. All tests were conducted using three substitution schemes and evaluated substitution models with equal and gammadistributed among-site rate variation. The tests for the PHYML analysis also evaluated substitution models with invariant sites. The following partitions and models had the highest ranking, according to BIC: ITS1+ITS2 (GTR+G), 5.8S (K80+G), LSU (GTR+G). According to AICc the GTR+I+G model provided the best fit for both the ITS and the LSU datasets.
To generate Bayesian phylogenetic trees (BI) from the alignments we used BEAST 2.4.7 (Bouckaert et al. 2014) . We prepared the xml-files for the BEAST 2 runs in BEAUTI 2.4.7 (Bouckaert et al. 2014) . We set the substitution model to GTR+G for the LSU run. In the ITS run we set it to HKY+G for 5.8S, since it is the most similar model to K80+G available in the program. Test runs revealed convergence problems due to insufficient data for some substitution rates in the GTR+G model initially used for the ITS1+ITS2 partition, and it was hence changed to HKY+G. In the ITS run the substitution rate of both partitions were estimated independently. We set the trees of the minimal nrDNA partitions as linked in this analysis and the clock models as unlinked. A lognormal, relaxed clock model was assumed for each partition, as test runs had shown that all partitions had a coefficient of variation well above 0.1 (i.e. implying a relatively high rate variation among branches). The clock rate of each partition was estimated in the runs, using a lognormal prior with a mean set to one in real space. We set the growth rate prior to lognormal, with a mean of 5 and a standard deviation of 2. We ran the Markov Chain Monte Carlo (MCMC) chains of both datasets for 20 million generations with tree and parameter files sampled every 1,000 generations. The analyses all converged well in advance of the 10 % burn-in threshold, had ESS values well above 200 for all parameters, and chain mixing was found to be satisfactory as assessed in TRACER 1.6.0 . After discarding the burn-in trees, maximum clade credibility trees were identified by TREEANNOTATOR 2.4.7 (Bouckaert et al. 2014) .
To generate Maximum Likelihood (ML) gene trees we used PHYML 3.1 (Guindon et al. 2010). We set the substitution model to GTR+I+G for both the ITS and LSU datasets. Tree topology search was conducted using NNI+SPR, with ten random starting trees. Non-parametric bootstrap analyses with 1000 replicates were performed on the resulting trees.
Results
Seventy-five Thelephorales specimens from the genera Amaurodon, Bankera, Boletopsis, Hydnellum, Lenzitopsis, Phellodon, Pseudotomentella, Sarcodon, Thelephora, Tomentella, and Tomentellopsis, were sequenced for this study. In addition, 39 sequences were downloaded from public databases (GenBank, UNITE) including outgroup sequences of Steccherinum ochraceum (Polyporales) and Sistotrema brinkmannii (Cantharellales) included in the LSU dataset. The ITS analyses were rooted by the default method (BEAST) or left unrooted (PHYML).
The aligned LSU dataset consisted of 1443 nucleotide positions. After exclusion of ambiguous regions 1377 positions remained for the analyses. BI returned a tree where the focus genera Hydnellum and Sarcodon are distributed over two strongly supported clades. The larger of these clades includes the type of Hydnellum, H. suaveolens, and an additional 17 species, all except one forming strongly supported terminal clades. Nine of these taxa are currently placed in Sarcodon. With a few exceptions the relationships within Hydnellum are not resolved. H. aurantiacum and H. auratile are recovered as a strongly supported group; Sarcodon scabrosus and S. fennicus are grouped with 0.97 posterior probability support; S. fuligineoviolaceus, S. glaucopus, and S. joeides form a subclade with 0.97 posterior probability support; and finally H. suaveolens and S. versipellis form a strongly supported clade. The type of Sarcodon, S. imbricatus, and three other species form the second main clade. The three sequences of S. imbricatus cluster together but the clade is unsupported. Hydnellum and Sarcodon are recovered as sister clades but the support for this arrangement is weak.
For target taxa the ML tree is essentially similar to the BI tree with strong support for the similarly composed Hydnellum and Sarcodon clades (Fig. 2) . As for the BI analysis the relationships among species within Hydnellum and Sarcodon are not resolved except for a weak to moderate support for grouping H. aurantiacum with H. auratile and H. suaveolens with S. versipellis. S. fuligineoviolaceus, S. glaucopus, and S. joeides also group together in the ML tree but without support. Again S. imbricatus does not get support and is not separated from S. quercinofibulatus.
The aligned ITS dataset consisted of 1068 nucleotide positions of which 505 remained for the analyses after removal of ambiguous regions. Bayesian inference produced a tree with two strongly supported clades (Fig. 3) . The smaller one, which we here informally call "Neosarcodon", contains nine Sarcodon species, all with a distribution in the tropical and subtropical Americas. Remaining Hydnellum and Sarcodon taxa, including both type species, formed the other clade. Within the latter clade two subclades are visible, corresponding to the genera Hydnellum and Sarcodon, and with the same delimitation as in the LSU trees. Only the Sarcodon subclade has strong support. Within each larger clade several groups of taxa received moderate to strong support. The reader is referred to Fig. 2 for further details.
The ML tree recovered the same two main clades with strong support but could not resolve the relationships within the larger Hydnellum/Sarcodon clade. In the ML tree the clade corresponding to Hydnellum in the LSU tree is correctly identified but not supported while the clade corresponding to Sarcodon appears polyphyletic.
Based on these results we hereby revise the limits of the two genera by moving a number of species from Sarcodon to Hydnellum. Consequently the genus description for Hydnellum must be emended while the genus description for Sarcodon can remain unaltered.
Taxonomy
Hydnellum P.Karst., Meddn Soc. Fauna Flora fenn. 5: 41 (1879).
Type species. Hydnellum suaveolens (Scop.:Fr.) P.Karst. (1879) Basionym. Hydnum suaveolens Scop.:Fr. (1772) Basidiomata with pileus and stipe, single or concrescent; pileus thin to thick, at first smooth and velutinous, when mature felted, fibrillose, scaly, ridged, or irregularly pitted and scrupose, mostly brownish but also with white, olive yellowish, orange, purplish or bluish colours, often concentrically zonate; stipe narrow to thick, solid, mostly short; hymenophore hydnoid, usually strongly decurrent; context from soft and brittle to corky or woody; hyphal system monomitic, septa with or without clamps, context hyphae inflated or not; cystidia lacking; basidia narrowly clavate, producing four sterigmata; basidiospores with irregular outline, more or less lobed, verrucose, brownish. Terrestrial, forming ectomycorrhiza with forest trees. Basidiomata with pileus and stipe, single or concrescent; pileus thin to thick, at first smooth and velutinous, when mature smooth or scaly, brownish; stipe thick, solid, mostly short; hymenophore hydnoid, usually strongly decurrent; context soft and brittle; hyphal system monomitic, septa with clamps, context hyphae inflated; cystidia lacking; basidia narrowly clavate, producing four sterigmata; basidiospores with irregular outline, more or less lobed, verrucose, brownish. Terrestrial, forming ectomycorrhiza with forest trees.
Hydnellum amygdaliolens (Rubio

Discussion
In this paper we show that the current morphology-based concepts of Sarcodon and Hydnellum do not correspond to monophyletic subgroups within the Thelephorales. The characters traditionally used to separate the two genera do not reflect true relationships. These characters, however, are vague and open to subjectivity; hence it is not surprising that they have now been shown to be unreliable. Maas Geesteranus (1975) pointed to the context structure and consistency as the main differentiating character. For Hydnellum he describes the context as "... fibrillose, soft or tough, corky to woody, more or less duplex, zoned, ..." and hyphae are said to be "...usually not inflating ...". In Sarcodon the same structures are described as "... fleshy, brittle, soft or firm (never corky or woody), not duplex, not zoned ..." and "...hyphae inflating ...". While these morphological characteristics remain true for Sarcodon, the corresponding descriptions for Hydnellum had to be emended.
Instead of context structure it seems that average basidiospore size may in most cases offer a possibility to separate a Sarcodon species from one belonging to Hydnellum. Table  2 summarizes basidiospore measurements from the literature. Average basidiospore lengths in Hydnellum fall between 4.45 and 6.95 µm while the same figures for Sarcodon are 7.4 and 9 µm, ornamentation excluded. However, S. quercinofibulatus clearly deviates from this pattern. According to measurements in the protologue (Pérez-de-Gregorio et al. 2011 ) and in Vizzini et al. (2013) average basidiospore length was measured to 6.95 and 7.0, respectively, but then included the ornamentation. Measurements excluding ornamentation would be approximately 1 µm less. Clearly, for S. quercinofibulatus basidiospore length alone will not be decisive for genus placement.
Not all sequences from species described as Sarcodon spp. were recovered within either Sarcodon or Hydnellum. In our ITS-only analyses nine species formed a wellsupported clade of their own, separated from Sarcodon sensu stricto and Hydnellum (Fig. 3) . This clade, here informally called "Neosarcodon", contains species collected in tropical and subtropical regions of the Western Hemisphere and may represent one or several distinct genera. However, further analyses based on an expanded dataset using more conservative molecular markers would be required to definitely identify any new higher taxa in the group.
The failure to generate support for Sarcodon and Hydnellum in the ITS-only analyses reflects the large genetical distances present among the species within this automatic alignment through MAFFT. This seems to have affected the ML analyses most. However, the ITS analyses only served to position neotropical Sarcodon species and the results clearly show that they belong to a separate lineage. Otto (1997) suggested that Hydnum auratile is a later synonym of Hydnum aurantiacum and that the species we now call Hydnellum aurantiacum should be named Hydnellum floriforme (Schaeff.) Banker. The name change is based on a reinterpretation of Batsch's original illustration, which, according to Otto, clearly shows the same species as Hydnum auratile. In phylogenetic analyses H. aurantiacum and H. auratile are sister taxa and during our study we have sequenced several specimens identified as H. auratile that turned out to be H. aurantiacum. Thus separating these species can be hazardous and to interpret illustrations must be even harder. We currently do not accept this unfortunate name change.
The present study will serve as the basis for further exploration of species limits within Hydnellum and Sarcodon. As has been demonstrated for the genera, many species interpretations are in need of revision. Over the years we have found numerous specimen misidentifications as well as specimens that could not be assigned to preexisting names. A closer inspection of the ITS tree in Fig. 3 , where we let the terminals retain the identifications given in GenBank, shows some examples. The American sequence of Sarcodon joeides (KC571772) does not cluster with the European representative of the same species (MK602751) and the American sequence named Hydnellum earlianum seems to be identical to what is in Europe called H. auratile. Considering that many stipitate hydnoid species are red-listed and used as indicators of forests in need of conservation (Ainsworth 2005 , Nitare 2019 , it is of utmost importance to sort out the taxonomy of these species.
